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Inﬂuence of nitrogen doping on structural and optical properties of ZnO nanoparticles has been studied. Undoped and N doped ZnO
nanoparticles were synthesized via chemical precipitation approach. The prepared samples were characterized through X-ray diffraction (XRD),
Transmission electron microscopy (TEM) equipped with Energy dispersive X-ray (EDAX) spectroscopy, UV–visible spectroscopy, Fourier
transform infrared (FTIR) spectroscopy and micro-Raman spectroscopy (mRS). Wurtzite phase of undoped as well as 0.5–10% N doped ZnO
nanoparticles was conﬁrmed through characteristic XRD patterns. The particle size expansion due to N incorporation in ZnO was further revealed
by TEM and EDAX analysis where 11 nm size undoped and 18–22 nm size 0.5–10% N doped ZnO (N:ZnO) nanoparticles without any impurity
were ascertained. Slight blue-shift in band gap energy, as observed in our case, symbolized weak quantum conﬁnement of the prepared
nanoparticles. The alterations in vibrational modes of ZnO due to N incorporation, remarkably H substituting at O site and subsequently causing
the passivation in N:ZnO nanoparticles, were detected through FTIR analysis. Finally, the effect of the nano-size of crystallite and gradual
prominence of N into ZnO lattice due to increase of N doping concentration in prepared nanoparticles was meticulously expatiated though mRS
analysis.
& 2015 Chinese Materials Research Society. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The need for blue and UV solid-state emitters and detectors has
propelled the investigation of several wide band gap semicon-
ducting materials in recent years [1–3]. Zinc oxide, due to its
direct band gap (3.2 eV) and large exciton binding energy
(60 meV), is considered a good candidate for optoelectronic
devices like photodetectors, ultra-violet laser diodes and visible
light emitting diodes [2,3]. Because of wide band gap, ZnO is
transparent in the visible part of the electromagnetic spectrum,
and hence it can be used as a transparent conducting oxide [4],
blue/UV solid-state emitters [3], shield against high-energy/10.1016/j.pnsc.2015.08.003
15 Chinese Materials Research Society. Published by Elsevier Gm
mmons.org/licenses/by-nc-nd/4.0/).
g author. Tel.: þ91 120 2594364; fax: þ91 120 2400986.
ss: navendugoswami@gmail.com (N. Goswami).
lly contributed.
nder responsibility of Chinese Materials Research Society.radiation, organic light-emitting diodes (OLED) and transparent
thin-ﬁlm transistors (TTFT) [5]. As a crucial advantage, synthesis
of ZnO is more cost effective than various other alternate
semiconductors, such as III–V semiconductors [6].
ZnO exhibits broad range of properties that depend on doping,
including a range of conductivity from metallic to insulating
(including n-type and p-type conductivity), high transparency,
piezoelectricity, wide-band gap semi conductivity, room-
temperature ferromagnetism and huge magneto-optic and
chemical-sensing effects [3]. Therefore, to realize the applications
of ZnO for applications/devices, it is very important to fabricate
both p-type and n-type semiconductors. Usually undoped ZnO
shows n-type conductivity due to the presence of native point
defects [6]. Usually the photoluminescence of ZnO includes near-
band-edge ultraviolet emission and deep-level emission, where
the latter is related to structure defects and impurity [2,3].
Theoretical investigations has concluded that shallow acceptorbH. This is an open access article under the CC BY-NC-ND license
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such as Group-I element (Li, Na) substitution on a Zn site [7,8],
large-size Group-V elements As or Sb substitution on a zinc site
[9] or Group-V element substitution on the O site [10]. It is also
reported that very low resistance from n-type is achieved by
doping ZnO with group III elements such as In, Ga, Al, B, but
still, it is a challenge to dope p-type ZnO [11–14]. Also, many
previous theoretical calculations suggested the possibility of
obtaining p-type ZnO using acceptor and donor co-dopants, like
N and Al, Ga, or In [9,15,16]. Also major chemical trends in the
energy levels of sp3-bonded substitutional deep impurities in the
wurtzite semiconductors were predicted and N impurities (depos-
ited on the anion site) appeared to be producing shallow p-type
dopants in semiconducting materials [10]. However, growth of
stable p-type ZnO with large hole concentrations at room
temperature and the controlled production of high-quality p-type
ZnO has been difﬁcult to achieve [17]. So its potential applica-
tions are limited due to difﬁculties that come across in the
determination of the proper dopant and/or suitable growth
processes that result in p-type conductivity and consequently in
the preparation of a p-type ZnO material, either in the form of
thin ﬁlms or bulk crystal.
Nitrogen has been demonstrated as a very good p-type
dopant for other II–VI semiconductors [11]. Nitrogen, having
an ionic radius comparable to oxygen, appears to be the most
likely dopant candidate. One possible route is to substitute N
on an O site (NO) [18–22], but theoretical calculations show
the hole binding energy to be around 400 meV [7] which is too
large for appreciable ionization to occur at room temperature.
Previously, N doped ZnO thin ﬁlms has been grown by various
techniques such as molecular beam epitaxy [20], ion implanta-
tion [10], pulsed laser deposition technique [23], ion beam
sputtering [24], magnetron sputtering [25] etc. However, most
of the basic aspects of p-type ZnO are still not well understood,
and that lack of knowledge impedes further progress [26].
Driven by aforesaid motivations we aim to understand the
effect of nitrogen doping on structural and optical properties of
ZnO nanoparticles. A facile chemical precipitation approach
was adopted to prepare Nitrogen doped ZnO (N:ZnO) nano-
particles with varied dopant concentrations. Prepared samples
were subjected to a series of characterizations and the results
thus obtained were systematically discussed.
2. Experimental details
2.1. Synthesis procedure
The synthesis of N:ZnO nanoparticles was attempted
adopting chemical precipitation route [27–33]. All chemicals
used for synthesis were of AR grade. Aqueous solutions of
0.4 molar concentrations of zinc acetate dihydrate (Zn
(CH3COO)2  2H2O), monoethanolamine (MEA) and isopropyl
alcohol (IPA) were prepared separately in doubly de-ionized
(DI) water. In order to obtain a homogeneous mixture MEA
and IPA solutions were added drop wise to the base solution of
zinc acetate. The undoped ZnO nanoparticles were obtained
through this mixture. In this precipitation technique,composition of solvent was modiﬁed in such a way that ZnO
nanoparticles formed, which has a signiﬁcantly lower solubi-
lity than the concentration in solution [28–30]. Further, to
achieve different percentages of N doping to ZnO i.e., 0.5%,
1%, 5% and 10% N doping, calculated respective amounts of
0.4 molar concentration of ammonium acetate (CH3COONH4)
aqueous solution was added into previous mixture. Mixing of
these solutions was performed along with continuous and slow
speed magnetic stirring, as it is crucial for obtaining precipitate
of N:ZnO nanoparticles. The precipitate of N:ZnO was
thoroughly washed with DI water and then dried at 200 1C
for 8 h in an electric oven. The powder samples ﬁnally
produced are basically undoped and N:ZnO nanoparticles,
obtained through 0.4 molar concentration of differing N
doping amounts and therefore, 0.5% is referred as 4MN05,
1% is referred as 4MN10, 5% is referred as 4MN50 and 10%
is referred as 4MN100 respectively.
As per the established literature on a chemical precipitation
method, the growth mechanism is critical in controlling and
designing the undoped and doped ZnO nanoparticles [28–32].
The formation of nanoparticles proceeds step by step from
seeds (primary particles) to larger particulates [28]. In order to
achieve mono-disperse nanoparticles, it is crucial here that the
seed formation rate or nucleation rate be faster than the growth
rate of particles [28–30,34,35]. Due to this reason, the slow
mixing of reactants in our methodology is expected to increase
nucleation rate and decrease growth rate.
2.2. Characterizations
To study the structural, electronic and optical properties,
powder samples of undoped and 0.5%, 1%, 5% and 10% N:
ZnO were subjected to various characterization techniques. To
identify the crystalline phase and associated parameters of
prepared material, XRD analysis was performed using a Bruker
D8 Advance X-ray diffractometer (XRD) with a Cu anode,
generating Kα radiation of wavelength 1.544 Å and operating at
40 kV and 40 mA. XRD θ2θ patterns of all samples were
recorded with scan rate of 31/min. In order to study ﬁner
structural details, real space images of prepared materials were
captured employing a JEOL JEM-2100F High Resolution
Transmission Electron Microscope (HRTEM) operating at
200 kV. Utilizing same instrument, EDAX analysis was carried
out and chemical composition of prepared materials were
estimated quantitatively. Micro-Raman spectra were collected
through InVia Raman microscope, Renishaw, UK system
consisting of Arþ laser with 514.5 nm wavelength and
50 mW in the scanning range of 100–800 cm1. IR active
vibrational modes of undoped and N:ZnO nanoparticles were
examined by recording their IR spectra employing a Perkin-
Elmer BXII FTIR spectrophotometer. FTIR spectra were
acquired scanning the powder samples embedded in KBr matrix
in the transmittance mode for frequency range of 400–
4000 cm1. Room temperature UV–visible reﬂectance mode
spectra of prepared material were recorded in wavelength range
250–800 nm using Perkin-Elmer Lambda-35 UV–visible
spectrophotometer.
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3.1. XRD analysis
XRD θ2θ patterns of the powder samples were recorded
in the 2θ range of 30–701 and shown in Fig. 1(a–e). In all
diffractograms, prominent XRD lines were observed at 31.61,
34.31, 36.11, 47.41, 56.41, 62.71, 66.21, 67.81and 68.91. These
lines were indexed respectively as (100), (002), (101), (102),
(110), (103), (200), (112) and (201) and correspond to
hexagonal wurtzite phase of ZnO (space group P63mc; JCPD
36-1451) [28–30]. Therefore, undoped and N doped samples
prepared by us, possess the abovementioned hexagonal ZnO
phase. Furthermore, neither extraneous impurity nor any
secondary phase exists in prepared materials.
No additional peak due to nitrogen was observed in any of the
spectra and hence the occurrence of residual nitrogen or com-
pound/complex of nitrogen, is also ruled out for prepared N doped
ZnO materials. In this context, it is well established that the lattice
distortion due to the defects (vacancies, interstitials, substitutions,
local structure transformations etc.) may cause the shift in XRD
peak position depending on the type of strain in the crystal i.e.,
tensile or compressive strain, the peak position shifts respectively
towards higher or lower angle [31]. Since the ionic radii of N
(rN
2þ ¼1.46 Å) is greater than that for O (rO2þ¼1.38 Å), N
substituting O in ZnO lattice may result in tensile strain along
with the expansion of crystallite size. In order to determine the
alterations in crystal parameters, the prominent (101) peak of
prepared materials was analysed [9,36,37]. A careful observation of
the enlarged view of this peak for various samples, as presented
through Fig. 1(ii), indicates the shift in peak positions as well as
change in peak broadening. As evident though the dashed line (a)
in Fig. 1(ii) that (101) peak position does not show any shift for
0.5% N:ZnO, as compared to that for undoped ZnO. It seems that
there is no signiﬁcant inﬂuence on lattice due to N doping at this
stage. However, shift in the peak position is clearly seen for
increased N doping concentrations (i.e., 1% onwards), as shown
through dashed line (b) in Fig. 1(ii). In line with aforesaid concept,
this is the ﬁrst clear indication of N doping into ZnO lattice [31].Fig. 1. (i) XRD patterns of (a) undoped ZnO, (b) 0.5%, (c) 1%, (d) 5% and
(e) 10% N:ZnO nanostructures. (ii) Shifts in peak position and changes in peak
broadening are depicted through the enlarged view of (101) peaks for undoped
and N:ZnO nanostructures.Thus, we conclude that N doping into ZnO lattice is evident
through peak position shift towards higher angle, however, the
expansion of ZnO lattice due to N doping does not increase after
1% doping concentration. Similar to the shifting in (101) peak
position, change in broadening of this peak may also be noticed in
Fig. 1(ii). Since the peak broadening reﬂects the alteration in
crystallite size, it appears that crystallite size also changes with N
doping.
In order to substantiate aforesaid qualitative inferences, we
also performed quantitative estimations of the lattice para-
meters and the crystallite sizes for the prepared samples. The
lattice constants (a, b and c) were measured through basic
formula for hexagonal lattice, whereas the crystallite size (τ)
were measured through the Debye–Scherrer relation [28,29].
These values are presented in Table 1.
From Table 1, it is noticed that the values of lattice constants
for 0.5% N doped ZnO do not change, as compared to that for
undoped ZnO. However, the change in lattice constant is
observed from 1% N doping, and it does not change after-
wards. This is in line with previous qualitative assertion. The
important inference of the nanometric size crystallite formation
for undoped and N:ZnO samples is revealed through Table 1.
Interestingly, the increase of crystallite size due to N doping is
evident here observed from 0.5% N doping. Therefore, despite
no change in fundamental lattice constants (a, b & c), average
crystallite size (τ) increases as large radius N is doped in ZnO
lattice. Like the lattice constants, the crystallite size also
increases with increased doping, the crystallite size does not
increase beyond 1% N doping. Therefore, on the basis of
aforesaid analysis of the lattice constants and crystallite sizes
we can collectively conclude that although the crystal para-
meters increase with N doping, however no signiﬁcant change
in these values was noted beyond 1% N doping.
In order to directly investigate the size, shape, morphology
and composition of the prepared undoped and N doped ZnO
nanophase, TEM and EDAX characterizations were performed.3.2. TEM and EDAX analysis
Having determined the phase and basic crystal parameters,
TEM integrated with EDAX spectroscopy was employed to
ascertain the morphology and composition of undoped and N
doped ZnO. The morphologies of the prepared undoped and
0.5–10% N doped ZnO nanostructures are shown in Fig. 2.
The lattice fringes of nanostructures through HR-TEM imagesTable 1
Crystallite parameters of undoped and N:ZnO samples.
Crystal parameters Samples
Undoped 4MN05 4MN10 4MN50 4MN100
a¼b (Å) 3.2563 3.2563 3.2795 3.2795 3.2795
c (Å) 5.220 5.220 5.240 5.240 5.240
τ (nm) 29.3 34.4 37.8 37.8 37.8
Fig. 2. (a–e) TEM images of undoped and 0.5–10% N doped ZnO nanoparticles. Insets (a–e) HR-TEM images depicting the lattice fringes of respective samples.
Table 2
Structural parameters determined through TEM images of undoped and N:ZnO nanoparticles.
Structural parameters Samples
Undoped 4MN05 4MN10 4MN50 4MN100
Particles size range (nm) 7–12 12–27 11–19 16–24 21–23
Modal particle size (nm) 11 18 19 20 22
d-Spacing (nm) and Bragg plane 0.164 (110) 0.123 (202) 0.261 (002) 0.126 (202) 0.147 (103)
R. Kumari et al. / Progress in Natural Science: Materials International 25 (2015) 300–309 303are also shown in respective inset ﬁgures. The values of
nanostructure size and interplanar spacing along with corre-
sponding plane for undoped and 0.5–10% N doped ZnO
nanostructures are presented in Table 2.
It is evident from Fig. 2 and the values listed in Table 2 that
we have prepared the nanoparticles of undoped and N doped
ZnO. The basic ZnO lattice for undoped and 0.5–10% N:ZnO
remains intact, as all interplanar spacing determined through
HR-TEM images correspond to the lattice planes of ZnO,
which were already revealed through XRD analysis. Besides
the sizes of nanoparticles estimated through TEM analysis they
are also in line with XRD analysis. The modal nanoparticles
size of doped samples are large than that of undoped sample.
In fact, a slight increase in the modal values of nanoparticles isalso noticed, and this again suggests the incorporation of N
dopants into undoped ZnO nanoparticles.
4. EDAX analysis
Although ZnO phase and modiﬁcation in structural size and
crystal parameters due to N doping are revealed through XRD
and TEM analyses, EDAX spectroscopy was performed to
conﬁrm N presence and compositional analysis of nanoparti-
cles. The EDAX spectra of undoped, 1% and 10% N doped
samples are presented in Fig. 3(a–c).
In all the spectra in Fig. 3 the prominent peaks at 0.59 keV,
1.03 keV, 8.44 keV and 9.33 keV were vividly observed. Out
of these peaks, the X-ray energies of 0.59 keV and 1.03 keV
Fig. 3. EDAX spectra of (a) Undoped ZnO, (b) 1% and (c) 10% N:ZnO
nanoparticles.
Table 3
Atomic percentage of constituents and R-values of nanoparticles.
Element Undoped ZnO 1% N 10% N
At% R-value At% R-value At% R-value
Zn K 48.27 107.16 39.92 150.4 37.23 168.6
O K 51.73 56.13 48.75
N K – 3.94 14.02
R. Kumari et al. / Progress in Natural Science: Materials International 25 (2015) 300–309304respectively represent the emissions from the K-shell of
oxygen and L-shell of zinc [30]. In fact, the L-shell emission
at 1.03 keV, as noticed here, can be considered as the
convolution of Zn 2p3/2 and Zn 2p1/2 photoelectron energies,
which have been reported at 1.02 keV and 1.04 keV respec-
tively [30]. The X-ray energies 8.44 keV and 9.33 keV are
additional emissions from Zn core levels [30]. Overall the
occurrence of these basic Zn and O emissions endorse the
existence of Zn and O atoms in prepared nanoparticles. As
evident through the presence of N 1s core level emission
around 0.39 keV [38] (Fig. 3(b) and (c)), the concurrence of N
atoms with Zn and O atoms, for 1% and 10% N:ZnO
nanoparticles, is further substantiated by EDAX analysis.
Having identiﬁed the X-ray emissions from nanoparticle
constituents; the elemental composition of prepared nanopar-
ticles can also be deduced from EDAX data. The atomic
percent compositions (at%) of the major constituents of
nanoparticles, i.e., Zn and O atoms for undoped and Zn, O
and N atoms for doped, and the R-value (i.e., at% ratio of
OþN to Zn), were thus calculated, are summarized in Table 3.It is clear from Table 3 that the prepared nanoparticles are
composed of Zn, O atoms for undoped ZnO and Zn, O and N
atoms for N doped ZnO samples. Though, not in exact ratio,
the increased percent of N doping is evident through the
increase of at% of N, for 1% and 10% N:ZnO nanoparticles.
This, in line with previous XRD analysis, is indication of more
N incorporation with the increased concentration of N pre-
cursor during synthesis.
Further, we notice from Table 3 that the undoped and doped
sample show O rich composition (see Zn:O ratio), and more
interestingly the R-value increases with N doping. Generally
ZnO is considered as an n-type semiconductor where most
defects are zinc interstitials and oxygen valency [30]. On the
contrary, here we have obtained the deﬁciency of zinc and the
excess of oxygen for prepared nanoparticles. Therefore, the
excess of oxygen in our case could be ascribed to possible
existence of interstitial oxygen in prepared nanoparticles. The
excess of oxygen (and nitrogen) may give rise to less observed
p-type semiconducting behaviour in ZnO nanoparticles [30].
4.1. UV–visible analysis
If the particle size of the material is not small enough and
instead of colloidal suspension the material can be obtained in
precipitate form, and it is difﬁcult to interpret its absorption
spectrum. Since in our case, undoped and N:ZnO nanoparticles
were prepared via the chemical precipitate method, it is
desirable to use diffuse reﬂectance spectroscopy (DRS) to
study electronic absorption processes in prepared nanoparticles
[39]. In DRS, band gap analysis was performed employing
Kubelka–Munk function [31]. The salient details pertinent to
K–M method are as follows. The K–M theory is based on a
continuum model (see Fig. 4), where the reﬂectance properties
for inﬁnitesimally small layers are described by differential
equations [31,40]. Here, the letters I and J represent radiations
in the downward and the upward direction, respectively. The
downward ﬂux through a layer of thickness dx is decreased by
absorption and scattering processes, and increased by scatter-
ing process of the light travelling upward towards the surface
[40,41]. Originally, K–M proposed a model to describe the
behaviour of light travelling inside a light-scattering specimen,
which is based on the following differential equations:
di ¼  SþKð Þ i dxþS j dx
dj ¼  SþKð Þ j dxþS i dx ð1Þ
where i and j are the intensities of light travelling inside the
sample towards its un-illuminated and illuminated surfaces,
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S and K are respectively called as ‘K–M scattering’ and
‘absorption’ coefﬁcients [40,41]. The last two quantities (S and
K) have no direct physical meaning on their own, even though
these appear to represent the respective portions of scattered
and absorbed lights, per unit vertical length [41]. K–M model
holds well when the particle size is comparable to, or smaller
than the wavelength of the incident light. In such situation the
diffuse reﬂection no longer allows to separate the contributions
of the reﬂection, refraction, and diffraction, implying that
scattering takes place [40]. In the limiting case of an inﬁnitely
thick sample, the thickness and sample holder have no
inﬂuence on the value of reﬂectance (R). In this case, the
K–M equation becomes
K
S
¼ 1R1ð Þ
2
2R1
¼ FðR1Þ ð2Þ
F(R1) is the so called remission or Kubelka–Munk function,
where R1¼Rsample/Rstandard. For parabolic band structure, the band
gap (Eg), and absorption coefﬁcient (α) of a direct band gap1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 1.0
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 1.0
1.0 1.5 2.0 2.5 3.0 3.5
3.3 eV
3.3 eV
F(
R
)
3.3
Fig. 5. UV–visible reﬂectance spectra of (a) undoped ZnO, (b) 0.
Fig. 4. Model for the Kubelka–Munk analysis.semiconductor, are related through equation as follows [40,41]:
αhν ¼ C1ðhνEgÞ ð3Þ
where α is the linear absorption coefﬁcient of the material, hυ is the
photon energy and C1 is a proportionality constant.
When the material scatters in perfectly diffuse manner (or
when it is illuminated at 601 incidence), the K–M absorption
coefﬁcient K becomes equal to 2α (K=2α). In this situation,
considering the K–M scattering coefﬁcient S as constant with
respect to wavelength, and using the remission function in Eq. (3)
we can obtain the expression:
½FðR1Þhν2 ¼ C2ðhνEgÞ ð4Þ
Therefore, obtaining F(R1) from Eq. (2) and plotting the [F
(R1) hυ]
2 against hυ, the band gap Eg of a powder sample can
be extracted [31].
The model put forward by K–M is based on the assumption
that diffuse reﬂectance arises from absorption and scattering of
light through surface. Since we could acquire the nanopowder
form of direct band gap semiconductor ZnO, for which surface to
volume ratio is high, the application of aforesaid K–M model is
suitable to study the optical absorption processes and to estimate
the band gap of undoped and N:ZnO nanoparticles [31].
The room temperature UV–visible reﬂectance spectra of
undoped and N:ZnO (N¼0.5, 1, 5, 10%) nanoparticles in the
DRS scanning range of 250–850 nm are shown in Fig. 5(a–e).
As calculated though F(R) analysis, the band gap energy of
prepared nanoparticles is 3.3 eV. This blue-shift in band gap
energy for nanoparticles, as compared to that for undoped bulk
ZnO (i.e., 3.2 eV), is due to size conﬁnement effect for
nanoparticles [28]. However, only a little change in band
gap is observed in our case, as the size of prepared nanopar-
ticles is not too small to experience strong quantum conﬁne-
ment. In present case, energy gap increases to 3.3 eV due to1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
4.0 4.5 5.0 5.5
3.3 eV
3.3 eV
F(R
)
 eV
5%, (c) 1%, (d) 5% and (e) 10% N:ZnO nanoparticles.
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Fig. 7. FTIR spectra of (a) undoped ZnO, (b) 0.5%, (c) 1%, (d) 5% and
(e) 10% N:ZnO nanoparticles.
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UV spectra of undoped and doped ZnO nanoparticles. Since
the size of N:ZnO nanoparticles is larger than undoped ZnO
nanoparticles (as evident from XRD and TEM analysis), the
defects states of N are introduced above valence band or below
conduction band [41]. As per published report on N doped
ZnO; NO (i.e., N substituting O) pairs, when coupled with
hydrogen atoms, could be responsible for shallow acceptors
which lie near the valance band [42,43]. Further, complexes of
NO–VZn also reported to be shallow acceptors [42,43]. The
switching of N to O site and leaving a Zn-vacancy behind
thereby form a shallow defect complex with high barrier
energy [42,43]. Moreover, NO pairs could be stabilized by
hydrogen and donor–acceptor pair interaction between H and
the NO could push the levels closer to valance band from
extremely deep acceptor levels [42,43].
This is established that N defect levels are just above the
valance band and the absorption process occurs from N defects
state to the deep discrete states in the conduction band. The
alterations in the electronic structure of ZnO due to inﬂuence
of nanosize and N doping and optical absorption process
occurring therein is illustrated in Fig. 6.
Therefore, slight blue-shift could be attributed collectively
to the emergence of discrete energy states due to the nanosize
structure and insertion of nitrogen defect states within the
electronic structure of ZnO [28,42,43].4.2. FTIR analysis
Surface chemistry of nanomaterials is of importance as
atoms/molecules on the surface of nanostructure are more
chemically active [27]. To determine the presence or absence
of molecular species in prepared nanoparticles and subse-
quently to detect the inﬂuence of N doping on the vibrational
modes of ZnO nanoparticles, the FTIR transmission modeFig. 6. Schematic depicting the modiﬁcations of electronic structure and
radiative transitions of ZnO due to N doping in nanoparticles.spectra for undoped and N:ZnO nanoparticles are recorded and
the results are shown in Fig. 7.
The IR modes at 383, 407, 480, 512 and 582 cm1 corresponds
to Zn–O bond in prepared nanoparticles [28,29]. The vibrational
mode at 886 cm1 is related to substitutional hydrogen at oxygen
site (HO) bound to the lattice Zn site (i.e., Zn–HO). This
substitutional hydrogen may act as a shallow donor in ZnO [44].
Interestingly, an IR peak at 3020 cm1 was observed only for
higher concentrations of N:ZnO, namely 1, 5 and 10% N doping as
shown in Fig. 7. This peak evident indicates passivation of N:ZnO
by H, as H prefers to bind with NO at the anti-bonding site and
forms NO–H complex [45]. This ﬁnding further asserts the
substitution of O by N in ZnO lattice.
The modes around 1000–1500 cm1 were observed for all
samples and these modes are usually assigned to O–CQO
(symmetric and asymmetric stretching) vibrations and C–O
vibrations due to ambient environment [27,28]. Though broad
peaks around 1444 and 1663 cm1 are also observed in Fig. 7,
and these could be also associated with bending modes of
hydroxyl group (O–H) [46]. It has been earlier reported that
there has been some correlation between carbon and nitrogen
in the nitrogen-doped ZnO ﬁlm [47]. In n-type ZnO, the
carbon could substitute on the O site and be an acceptor [47].
For the nitrogen-doped ZnO ﬁlms, very strong IR absorption
peaks has been reported to exist in the range of frequencies
consistent with N–C, N–N and C–O modes [47]. Based on
previous ﬁrst-principles calculations, the formation energies of
the N–C and N–N complexes are much lower than for C–O
[47]. Therefore, the peaks around the wave number
1840 cm1 were earlier attributed to the N–C and N–N
complexes [47]. In our case, major changes occurred in the
spectral range 1250–1650 cm1 due to strong IR absorption,
as shown in Fig. 8. Here, the IR absorption at 1343 cm1,
which was observed for undoped ZnO and 0.5% N:ZnO,
diminish for higher doping of N in ZnO lattice. Interestingly,
the broad peak observed around 1400 cm1 for undoped ZnO,
shifts to 1438 cm1 with N doping. Besides shifting, the
broadening of this IR peak appeared to be altered with N
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region depicting N doping driven frequency alterations in nanoparticles.
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Fig. 9. Raman Spectra of undoped ZnO and 0.5–10% N:ZnO nanostructures.
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such changes in IR modes actually symbolize the N incorpora-
tion into ZnO and IR active interaction of N–C, N–N and
C–O modes.
4.3. Micro-Raman analysis
Having comprehended the IR active modes, we ﬁnally
employ micro-Raman spectroscopy to examine the variations,
if any, in Raman active vibrational modes of ZnO nanoparti-
cles due to N incorporation. The Raman spectra of the
prepared nanoparticles are presented in Fig. 9.
Raman scattering is sensitive to crystal symmetry and
disorders in micro- and nano-crystalline structures due to
defects/impurities [27]. The wurtzite structure of ZnO belongs
to space group C6V
4 (P63mc). Here one primitive cell includes
two formula units, with all atoms occupying 2b sites of
symmetry C3V. For ZnO, the group theory predicts the
existence of the following optic modes: A1þ2B1þE1þ2E2
[27,30,48] at the Γ point of the Brillouin zone; B1 (low) and
B1 (high) modes are normally silent; A1, E1 and E2 modes are
Raman-active; A1 and E1 are also infrared-active. Thus, A1 and
E1 split into longitudinal optical (LO) and transverse optical
(TO) components. For all spectra, a prominent peak at
438 cm1 is observed. This is the characteristic scattering
peak of Raman-active dominant E2 (high) mode of wurtzite
ZnO [49]. In addition, two less intense peaks at 330 and
378 cm1 are also observed and are assigned to E2H–E2L
(multi-phonon) and A1 (TO) modes of ZnO, respectively [50].
The ﬁrst indication of N incorporation into ZnO nanoparticles
could be seen through shifting of 680 cm1 intrinsic mode of
ZnO, which was earlier attributed to oxygen vacancies, zinc
interstitials, antisite oxygen etc. [27]. This mode shifts to
660 cm1 for N doped ZnO nanoparticles.
A broad peak at 580 cm1 also appeared in all the spectra
and is of great signiﬁcance for present study. It is previously
reported that the formation of complex defects due to N
incorporation into ZnO actually causes broadening of the
570 cm1 peak [51]. Further, it is well known that the
574 cm1 peak corresponds to A1 (LO) phonon mode in bulk
ZnO, and the same mode can be observed only when the c-axis
of wurtzite ZnO is parallel to the sample face [52]. But the
mode around 577 cm1 is also ascribed as a nitrogen-related
local vibrational mode (LVM) in the backscattering geometry
with crossed polarization [53]. Actually, in ZnO, nitrogen can
act as donor, as well as acceptor. If N substitutes for O, it is
considered as single acceptor. However if N2 substitutes for O
it acts as double donor [54].
In view of different attributes for this particular mode and to
further investigate the effect of N doping in ZnO nanoparticles,
we de-convolute Raman spectra of undoped and 0.5–10% N:
ZnO nanoparticles in the scanning range of 465–642 cm1.
The de-convoluted spectra of N:ZnO nanoparticles are pre-
sented in Fig. 10. Moreover, the peak positions of and areas
under the respective peaks are presented in Table 4.
In view of Fig. 10, Table 4 and the aforesaid interpretations
regarding broad peak around 577cm1, it is reasonable to statethat in our case this mode basically is the convolution of
nitrogen related LVM and A1(LO) mode of ZnO. Moreover,
nanocrystallite size and differing dopant concentration of
nitrogen for prepared nanoparticles further contribute to the
broadening of this mode.
Although no speciﬁc trend is evident in the positions of the
peaks presented in Table 4 it is however, very clear that the
areas of ZnO intrinsic modes (i.e. peak 1 and peak 2
respectively due to 584 cm1 (E1(LO)) and broad hump from
540–560 cm1 (multi-phonon process)) decreased gradually
with increased N doping concentrations. The decrement of
peak areas is the direct indication of gradual weakening of
basic ZnO modes, as these modes are distorted with N
impurity [48,52–54]. The decrease of these ZnO modes
(i.e., peak 1 and peak 2), seen along with the emergence and
gradual prominence of N:ZnO modes (i.e., peak 3 and peak 4),
clearly suggest the proportional incorporation of N in ZnO
lattice for 0.5–10% N:ZnO nanostructures [52–54].
Fig. 10. Raman spectra of (a) 0.5%, (b) 1%, (c) 5% and (d) 7% N:ZnO nanoparticles.
Table 4
Peak positions, ratio of areas of peaks in N doped to undoped ZnO
nanoparticles and goodness of best ﬁt, χ2.
Sample
Name
Peak positions used for best ﬁt Area of peak
(1þ2) for N:
ZnO/(1þ2)
for undoped
ZnO
Degree of ﬁt
between
experimental
and ﬁtted
curves (χ2)
Peak
1
Peak
2
Peak
3
Peak
4
Undoped
ZnO
582.67 560.43 – – – 0.997
0.5% N 582.62 548.64 573.25 518.17 0.8268 0.994
1 581.45 546.29 574.42 511.38 0.6106 0.997
5 582.62 549.81 579.71 511.13 0.4091 0.997
10 583.80 548.64 575.59 514.65 0.3753 0.997
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The effect of N doping on structural and optical properties
of ZnO nanoparticles can be summarized as follows. The
formation of impurity free wurtzite phase for undoped and N
doped samples was ascertained through XRD analysis. The
crystallite size was found to increase N doping concentration.
In accordance with XRD analysis, TEM and EDAX studies
reveals that modal particle size of prepared nanoparticles
increases from 11 nm (for undoped) to 18–22 nm (for N
doped) ZnO nanoparticles. Due to N doping, a slight blue
shift in the energy band gap from 3.2 eV to 3.3 eV has been
observed. Further, the substitution of O by N in ZnO lattice,
conﬁrmed through FTIR analysis where passivation of N:ZnO
by H, results in the occurrence of NO–H mode. The gradual
weakening of fundamental ZnO modes in the presence of N
impurity was directly established through quantitativedecrement of Raman spectra peaks. Furthermore, the modiﬁca-
tions in various IR and Raman vibrational modes seen along
with the emergence, shifts and gradual prominence of N:ZnO
modes, vividly demostrate the proportional incorporation of N
in ZnO lattice for 0.5–10% N:ZnO nanostructures.
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